Pb1−xSrxTe thin films with different strontium (Sr) 
PACS: 61. 05 . Cp, 78. 20 . −e, 78. 30. Fs, 78. 20 . Ci IV-VI group lead-salt semiconductors, such as PbS, PbSe, PbTe and ternary semiconductor Pb 1−x Sr x Te and Pb 1−x Sr x Se, have drawn considerable attention in applications of opto-electronic devices, including mid-infrared (3-30 µm) laser diodes and detectors, [1, 2] due to their unique characteristics such as the direct narrow band gap at L-point of the Brillouin zone, positive temperature coefficient (dE g /dT > 0), high dielectric constant, low Auger combination, distinguished thermo-electrical performance and so on. [3−5] Nowadays, the basic electronic and optical properties have been well investigated for Pb 1−x Sr x Se. [8] These properties have been used for the growth of quantum wells and distributed Bragg reflectors (DBR) for vertical cavity surface emitting laser diodes (VCSELs) and detectors. [6, 7] However, the electronic and optical properties of Pb 1−x Sr x Te materials that are as important as Pb 1−x Sr x Se have not been investigated well yet. In this study, we try to determine the electronic and optical properties of ternary compound film Pb 1−x Sr x Te with Sr compositions x ranging from 0.00 to 0.08. PbTe is known as a narrow band gap material with the band gap energy about 0.32 eV at room temperature (RT). SrTe, on the contrary, is a wide band gap material, which has the band gap energy above 4 eV. [9] Thus, the band gap energies of Pb 1−x Sr x Te are expected to increase rapidly with the addition of Sr elements.
In this work, we grew Pb 1−x Sr x Te thin films with different strontium (Sr) compositions x on BaF 2 (111) substrates by molecular beam epitaxy (MBE). Optical properties of the ternary thin films were studied by Fourier transform infrared (FTIR) transmission spectroscopy and the relationship between Pb 1−x Sr x Te band gap energies and Sr compositions was obtained.
We also experimentally determined the relation between refractive index and wavelength, and have theoretically simulated transmission spectra.
Pb 1−x Sr x Te thin films were grown by a IV-VI group MBE system in our lab, with five different Sr compositions x ranging from 0.0% to 8.0%. PbTe compound source and Sr elemental source were used to grow Pb 1−x Sr x Te epitaxial layers on freshly cleaved BaF 2 (111) substrates in the growth chamber of the MBE system. Details of the growth were described elsewhere.
[10] The epitaxial layers were grown to the thicknesses in the range of 1.25-2.65 µm, which were measured from a Tencor Alpha-step profiler. A Philips X'pert high-resolution x-ray diffraction (HRXRD) spectrometer was used to measure the crystallinity of the epitaxial thin films.
Optical transmittance of the Pb 1−x Sr x Te epitaxial layers on BaF 2 (111) substrates were measured at room temperature (RT) by Nexus 670 Fourier transform infrared transmission spectroscopy that was produced by Nicolet company. Its operating spectrum ranges from 50 cm −1 to 7400 cm −1 and the resolution is higher than 0.1 cm −1 . In order to obtain epitaxial layer transmission spectra with higher accuracy, the transmission spectra of BaF 2 substrates have been used to normalize the transmission spectra of Pb 1−x Sr x Te/BaF 2 . Figure 1 shows a typical HRXRD curve of Pb 1−x Sr x Te grown on BaF 2 (111) substrate. We can only see the Pb 1−x Sr x Te and BaF 2 diffraction peaks in this figure. To calculate the crystal lattice constant, the angles of corresponding diffraction peaks are then used in the equation The refractive index n for each composition of Sr is determined by the interference peaks and troughs in the long wavelength λ regions with no absorption,
where m stands for interference peaks series, m + 1/2 stands for interference troughs series and d is the thickness of epitaxial layer. The refractive index values are used for fitting the first-order Sellmeier equation [11] n(λ) =
where A 0 and λ 0 represent the fitted coefficients. Taking the Pb 0.939 Sr 0.061 Te sample as an example, the best curve representing the change in refractive index with wavelength λ can be described by the Sellmeier equation Figure 3 shows the obtained refractive indices versus wavelength for Pb 1−x Sr x Te with different x. It is clearly observed that the refractive index decreases while either Sr content in Pb 1−x Sr x Te or wavelength λ increases. We also find that the fitted curves are all matched well with the experimental data. For testing whether the refractive indices we determined are correct or not and determining the energy gaps of the Pb 1−x Sr x Te thin films, the refractive indices obtained are then used to simulate the FTIR transmission spectra. The transmission T is a complex function given by [12] 
where
where s stands for the refractive index of the substrate BaF 2 , which obeys the third-order Sellmeier equation
in which the wavelength ranges from 0.27 µm to 10.3 µm. Generally, the photon energy is smaller than band gap energy of the films, the photon absorption is so weak that k in Eq. (6) can be zero. When photon energy is nearly the same as or larger than the band gap energy, the absorption coefficient values are estimated to be α ≈ 10 4 cm −1 and the value of k is approximately equal to 10 −1 . However, the refractive index n of PbTe is greater that 5.0. Consequentially, it satisfies k 2 n 2 . Totally, the definition of k = 0 is valid in most of the transmission spectra regions. Therefore, Eq. (6) becomes much simpler, which is expressed as
We divide the transmission spectra into three regions, which are respectively transparent region, weak and medium absorption region, and strong absorption region in which interference fringes disappear. The absorption coefficients in the three regions of transmission spectra read [12] 
Adopting the obtained refractive indices, we simulate the Pb 1−x Sr x Te transmission spectra with the theoretical model described above. In Fig. 2 , the transmission spectra with both FTIR data and theoretical fitted results for the two Pb 1−x Sr x Te samples are plotted. Clearly, the theoretical results are consistent with the FTIR results. Therefore, we can draw the conclusion that the refractive indices determined above can well display the optical properties of the epitaxial Pb 1−x Sr x Te thin films.
It is known that Pb 1−x Sr x Te material system with a small content of Sr(x is approximately less than 20%) has direct band gaps. [8] For this material system, the band gap energy can be extrapolated by the equation [13] 
where α direct is the absorption coefficient, A is constant, hν is the photon energy and E g is the band gap energy of Pb 1−x Sr x Te. The above equation is valid only when the photon energy is equal to or greater than the band gap energy (hν > E g ). Therefore, we only use the strong absorption region for our band gap energy calculations. According to Eq. (10), the band gap energies of the five samples are then extrapolated by fitting this absorption equation. The band gap energies obtained are listed in Table 1 . In summary, we have realized Pb 1−x Sr x Te thin films with different strontium compositions using MBE and obtained the ternary material Pb 1−x Sr x Te crystal lattice constants versus Sr composition. The refractive indices n(λ) of Pb 1−x Sr x Te with x ranging from 0.00 to 0.08 are experimentally determined. Based on the obtained refractive indices, we also simulate the Pb 1−x Sr x Te transmission spectra that are in good agreement with the FTIR results. By the simulation of the measured transmission spectra, the band gap energies E g of Pb 1−x Sr x Te are also obtained. The data of lattice constants, refractive indices, absorption coefficients and band gap energies attained in this work are essential for further development of opto-electronic devices in this material system.
